Introduction
Molecular magnetism relies on the ability of the synthetic chemist to make an enormous breadth of structurally diverse polymetallic cages spanning the d-and f-block of the periodic table.
1- 10 The structural and magnetic characterisation of such species details the magneto-structural relationship and oen uncovers fascinating magnetic phenomena which, in turn, feedback into the synthesis of new complexes designed to enhance and improve properties toward application.
11-18
Synthetic strategies for the design of polymetallic clusters containing multiple paramagnetic metal ions span the range from serendipitous self-assembly in which coordinatively exible metal ions, that can oen exist in multiple oxidation states, are combined with organic ligands capable of bridging in numerous ways to form complexes whose absolute structures are difficult to predict, through to a more 'supramolecular' approach whereby metal ions with dened coordination geometries are paired with rigid ligands containing donor atoms with a single, predesigned orientation preference that afford, in most cases, a predicted structure. In the eld of molecular magnetism, the latter is perhaps best exemplied by cyanometalate chemistry.
19-23
A similar synthetic approach is followed in the metallosupramolecular chemistry of diamagnetic cages and capsules where the combination of directional metal-ligand bonding and rigorously rigid ligands creates cages with permanent internal cavities capable of hosting guest molecules, constructed primarily for potential application in, for example, catalysis, 24 the stabilisation of reactive molecules 25 and photochemistry. 26 Due to the difficulties associated with performing solution-based one-and two-dimensional NMR spectroscopy on paramagnetic species, where broad signals and a wide chemical shi range are commonplace, 27 it is perhaps not surprising that the majority of metallosupramolecular chemistry has focused on the use of diamagnetic metal centres, albeit with some notable exceptions. 28 We recently initiated a project that would enable heterometallic, paramagnetic coordination cages to be accessed in a modular and predictable fashion, 29 an approach centred around the tritopic metalloligand [M III L 3 ] (where HL ¼ 1-(4-pyridyl)butane-1,3-dione), which features a tris(acac) octahedral transition metal core functionalised with three p-pyridyl donor groups (Fig. 1) . FeCl 3 (1 mmol, 0.162 g), 1-(4-pyridyl)butane-1,3-dione (3.5 mmol, 0.57 g) and NaOMe (3.5 mmol, 0.189 g) were dissolved in 100 mL of MeOH/H 2 O (1 : 1 v/v) and le to stir until a red product precipitated ($24 h). The resultant red precipitate was ltered and washed with water. The crude product was extracted with CHCl 3 and dried over anhydrous MgSO 4 
Crystal structure information
For compounds 1, 2 and 3 single-crystal X-ray diffraction data were collected at T ¼ 100 K on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+ detector mounted at the window of an FR-E+ Superbright MoKa rotating anode generator with HF Varimax optics (70 mm focus) 36 using Rigaku Crystal Clear and CrysalisPro soware 37, 38 for data collection and reduction. The crystals were sensitive to solvent loss and were therefore 'cold-mounted' using X-Temp 2 System apparatus at T ¼ 70 C and then quickly transferred to diffractometer. For compounds 4 and 5 single crystal X-ray diffraction data were measured on a Rigaku Oxford Diffraction SuperNova diffractometer using Cu radiation at T ¼ 120 K. The CrysalisPro soware package was used for instrument control, unit cell determination and data reduction. 39 Unit cell parameters in all cases were rened against all data. Crystal structures were solved using the charge ipping method implemented in SUPERFLIP 40 (1, 2, and 3), or by direct methods with ShelXS (4 and 5). All structures were rened on F o 2 by full-matrix leastsquares renements using ShelXL 41 within the OLEX2 suite.
42
All non-hydrogen atoms were rened with anisotropic displacement parameters, and all hydrogen atoms were added at calculated positions and rened using a riding model with isotropic displacement parameters based on the equivalent isotropic displacement parameter (U eq. ) of the parent atom. All ve structures contain accessible voids and channels that are lled with diffuse electron density belonging to uncoordinated solvent, and CF 3 SO 3 À anions in the case of compounds 4-5. The SQUEEZE routine of PLATON 43 was used to remove remaining electron density corresponding to solvent and anions not reported in the calculated formula. Crystallographic summary and structure renement details are presented in Table 1 . CCDC: 1520425-1520429. †
Physical measurements
Magnetisation measurements were carried out on a Quantum Design SQUID MPMS-XL magnetometer, operating between 1.8 and 300 K for DC applied magnetic elds ranging from 0 to 5 T. Microcrystalline samples were dispersed in eicosane in order to avoid torquing of the crystallites. Heat capacity measurements were carried out for temperatures down to ca. 0.3 K by using a Quantum Design 9T-PPMS, equipped with a 3 He cryostat. The experiments were performed on thin pressed pellets (ca. 1 mg) of a polycrystalline sample, thermalised by ca. 0.2 mg of Apiezon N grease, whose contribution was subtracted by using a phenomenological expression. X-and Q-band EPR spectra were collected on powdered microcrystalline samples of [FeL 3 ] and compounds 1-4 at the UK National EPR Facility in Manchester.
Results and discussion
Solution self-assembly and structure All the spectroscopic data indicate that the structure of 5, conrmed by X-ray crystallography (see below), is preserved in solution. As well as ESI-MS, which reveals the 3+ charge state corresponding to [5 À 3OTf] 3+ matching the expected isotopic distribution (see ESI †), the 1 H NMR spectrum of the product (Fig. 2b) (Fig. 2c , resonances shown in blue and magenta), which is replaced by a singlet in the crude reaction mixture (Fig. 2d) . This indicates that under the conditions of the reaction, [Al III L 3 ] is congurationally dynamic, and that the self-assembly process amplies the proportion of the fac conguration through the formation of 5. While mer tris(bidentate) octahedral complexes are also known to generate discrete metallosupramolecular cages, 45 the divergent disposition of the pendant donor groups create larger closed systems, which with a dynamic system such as this will rapidly rearrange to give the entropically more favourable trigonal bipyramid. A comparison of the 1 H NMR spectra of the re-dissolved crystalline sample of 5 (Fig. 2b) chemistry, 32-34 compounds 1-4 represent the rst examples of trigonal bipyramids built with paramagnetic metal ions, and join a small family of analogous compounds containing diamagnetic metal ions. [48] [49] [50] [51] [52] 
SQUID magnetometry
The dc (direct current) molar magnetic susceptibility, c, of a polycrystalline sample of 1 was measured in an applied magnetic eld, B, of 0.1 T, over the 2-300 K temperature, T, range. The experimental results are shown in Fig. 5 in the form of the cT product, where c ¼ M/B, and M is the magnetisation of the sample. At room temperature, the cT product of 1 has a value of 14. , g Fe ¼ g Co ¼ 2.0). Note that the estimation of the g-value of the Co II ions here is an approximation and subject to error (e.g. lattice solvent lost upon sample drying will result in a variation of the samples diamagnetism), and a better measure comes from the EPR spectroscopy, which is consistent with g Co ¼ 2.3 (vide infra). Upon cooling, the cT product of 1 remains essentially constant down to approximately 100 K, wherefrom it decreases upon further cooling to 9.5 cm 3 K mol À1 at 2 K. Given that the anisotropy of Fe III is negligible, this behaviour is consistent with a relatively large single-ion magnetic anisotropy for the Co II centres and/or an antiferromagnetic exchange interaction between the Fe III and Co II centres. To better dene the lowtemperature magnetic properties of 1, low temperature variable-temperature-and-variable-eld (VTVB) magnetisation data were measured in the temperature and magnetic eld ranges T ¼ 2-12 K and B ¼ 0-5 T (Fig. 5) . At the highest investigated eld (5 T) and the lowest investigated temperature (2 K), the magnetisation of 1 is of 13.7 m B (m B is the Bohr magneton). Furthermore, when the VTVB data of 1 are plotted against the reduced quantity m B B/kT, little nesting of the VTVB data is observed. This observation indicates that the part of the energy spectrum of 1 probed under these experimental conditions does not present signicant anisotropy splitting with respect to the temperature of measurement at zero magnetic eld.
For the quantitative interpretation of the magnetisation data, we used spin-Hamiltonian (1)
where the summation indexes i, j run through the constitutive metal centres, g i is the g-factor of the i th centre,Ŝ is a spin operator, J is the isotropic exchange interaction parameter, D is the uniaxial anisotropy parameter and S is the total spin. In our spin-Hamiltonian model, we assume for simplicity that all g-factors are equal to 2, , as extracted from the modelling of the EPR data and theoretical calculations, which are discussed further in the following sections. Thus, at this point our model contains only one free parameter, namely, the isotropic exchange between Fe III and Co II , J Fe-Co . The cT product of 1 was tted to spin-Hamiltonian (1) by full matrix numerical diagonalisation of the spin-Hamiltonian of the full system of dimension 2304 by 2304, through use of the Levenberg-Marquardt algorithm. 53 This resulted in the best-t parameter J Fe-Co ¼ À0.04 cm
À1
. In order to verify the validity of our model, J Fe-Co was xed to the determined best-t value, J Fe-Co ¼ À0.04 cm À1 , and D Co was maintained xed at À14 cm
. At this point our model contains no free parameters. Thereaer, the VTVB data of 1 were simulated by use of spin-Hamiltonian (1). The simulated curves are shown as solid red lines in Fig. 5 . With these parameters, the energy spectrum of 1 consists of four groups of densely packed states, each separated by approximately 2D Co (Fig. 6) . It is interesting to note that multiple ground level crossings simultaneously occur at approximately 0.47 T when the magnetic eld is applied parallel to the quantisation axis. Fig. 7 shows the collected heat capacity data, normalised to the gas constant, c p /R of 1 as a function of temperature (between ca. 0.3 K and 30 K) for zero-applied magnetic eld. As is typical for molecular magnetic materials, 54 lattice vibrations contribute predominantly to c p as a rapid increase above liquid-helium temperature. The lattice contribution can be described by the Debye model (dotted line in Fig. 7) , which simplies to a c p /R ¼ aT 3 dependence at the lowest temperatures, where a ¼ 7.6 Â 10 À3 K À3 for 1.
Heat capacity
For T < ca. 3 K, the zero-eld c p shows a wide bump-like anomaly, which we attribute to the splitting of the spin levels by zero-eld splitting and magnetic interactions. At such low temperatures, the magnetic measurements are very sensitive to the applied magnetic eld, as seen in the experimental behaviour for elds of 3 T and higher (inset of Fig. 7) . Such large intensities of the applied magnetic eld are sufficient for promoting full decoupling between the individual spin centres (we recall that the exchange interaction is as small as J Fe-Co ¼ À0.04 cm À1 on the basis of the t of the magnetometry data).
Therefore, the temperature and eld dependence of the c p data in Fig. 7 (inset) , collected for B $ 3 T, are particularly suitable for probing the inuence of crystal elds on 1, down to temperatures signicantly lower than the ones obtained in the magnetisation measurements. The solid lines in Fig. 7 are the curves calculated for Hamiltonian (1), using the best-t parameters from the magnetothermal and spectroscopic data and theoretical calculations, i.e., D Co ¼ À14 cm À1 and the here-negligible J Fe-Co ¼ À0.04 cm
À1
. The agreement with the experimental data is good, though not outstanding. Anticipating the discussion on the EPR spectra (vide infra), we have checked that adding a zero-eld splitting (ZFS) of D Fe ¼ À0.2 cm À1 at the Fe III sites does not improve the t. The discrepancy is most evident below ca. 1 K, where the experimental data have lower values than the calculated ones. This behaviour can be explained by a wider broadening of the low-lying energy spectrum, likely induced by higher-order anisotropy terms, which are not taken into account in Hamiltonian (1).
EPR spectroscopy
We previously reported EPR spectra of [ 
Theoretical studies
In order to independently verify the large ZFS of Co II we have performed complete active space self-consistent eld (CASSCF)
calculations on the three unique Co II sites of 1, see the SI for details. The results suggest D Co ¼ À14 cm À1 , E/D ¼ 0.1 (Table   S1 †) which is entirely consistent with the magnetometry and heat capacity data. The calculations also suggest that the principal axes of the local ZFS tensors are oriented roughly perpendicular to the Fe III -Fe III axis and canted approximately 120 with respect to one another in the plane (Fig. 9) .
Accounting for the non-collinearity in spin-Hamiltonian (1) did not improve the quality of the ts to the magnetometry or heat capacity data.
Conclusions
Complexes 1-5 represent a novel, and unusual family of trigonal bipyramidal cage complexes, built with the tritopic [ML 3 ] metalloligand, featuring a tris(acac) octahedral transition metal core functionalised with three p-pyridyl donor groups, and a series of transition metal salts. Outwith cyanometalate chemistry, compound 1 represents the rst example of such a cage containing paramagnetic metal ions. Complementary studies investigating the diamagnetic variants using 1 H NMR spectroscopy reveal some interesting features about the solution selfassembly process. Firstly, the [M III L 3 ] metalloligand is a highly dynamic tritopic building block as evidenced by fac congura-tional isomer being amplied at the expense of the mer during the course of cage formation. The self-assembly process also occurs with high and unusual stereoselectivity wherein the trigonal bipyramids are formed exclusively from twisted pyramidal components of opposite D/L-handedness. Solution stability of the cage is also conrmed via mass spectrometry. SQUID magnetometry and heat capacity measurements on 1 reveal weak antiferromagnetic exchange between the Fe III and Co II ions, with |D Co | ¼ 14 cm
À1
. EPR spectroscopy reveals that the distortion imposed on the {MO 6 
